We report a frequency domain optical tomography system utilizing three RF modulation frequencies, which are optimized for probing breast lesions of different size located at different depths. A real-time co-registered ultrasound scanner is used to provide on-site estimation of lesion size and location. Based on the lesion information, an optimal light modulation frequency can be selected, which may yield more accurate estimates of lesion angiogenesis and hypoxia. Phantom experiments have demonstrated that a high modulation frequency, such as 350Mhz, is preferable for probing small lesions closer to the surface while a low modulation frequency, such as 50Mhz, is desirable for imaging deeper and larger lesions. A clinical example of a large invasive carcinoma is presented to demonstrate the application of this novel technique.
Introduction
Many research groups have developed multi-wavelength near infrared (NIR) systems using continuous wave (CW), modulated diffusive wave, and short light pulses for breast imaging (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . A real-time CW system using a spectrometer and a CCD camera has been developed recently, which represents a significant advance in the development of NIR systems (14) . However, the CCD camera requires CW input and, therefore, provides only intensity (amplitude) information for imaging reconstruction. Time domain systems employing short light pulses of several hundred picoseconds are rather expensive. Frequency domain systems with sources modulated at high RF frequencies offer more information content than CW systems because both amplitude and phase measurements are readily available for tomography imaging. In general, a single modulation frequency is implemented in the frequency domain due to the complexity of the instrumentation and the limitation of the data acquisition time. Tromberg has developed frequency domain spectroscopic systems using multiple modulation frequencies for breast lesion characterization (2). The modulation frequencies were swept from 300kHz to 1 GHz to acquire data from one source and multiple detectors. For tomographic imaging where multiple sources and detectors are needed, this approach is limited by the total data acquisition time for its clinical implementation. Recently, Gulsen et al. has developed a frequency domain tomographic imager by incorporating four wavelengths and six modulation frequencies ranging from 110Mhz to 280Mhz (15) . The authors reported a significant improvement in image quality when data of six modulation frequencies were used to reconstruct phantom targets. However, the system data acquisition time requires 2.5 minutes for a single modulation frequency at a single wavelength and a total of one hour is needed to acquire one complete data set.
In the past, we have constructed frequency domain NIR systems for breast lesion diagnosis. The systems were used with conventional real-time ultrasound to simultaneously acquire co-registered ultrasound images and NIR measurements in reflection geometry using a hybrid hand-held probe. Because ultrasound images are acquired in real-time, it is absolutely necessary to obtained co-registered NIR measurements in a short time frame to avoid patient motion and co-registration errors. Our first system consisted of 12 dual-wavelength light sources (780 nm and 830 nm) and eight parallel photomultiplier tube (PMT) detectors (16), and the second system incorporated nine tri-wavelength light sources (660 nm, 780 nm, and 830 nm) and ten parallel avalanche photodiode detectors (APD) (17). The light modulation frequency of both systems was 140 MHz and sources were switched on one at a time. The data acquisition of 12 × 9 or 9 × 10 sourcedetector positions for both dual-wavelength and tri-wavelength systems required less than 10 seconds, fast enough to acquire patient data. With this data acquisition speed, 10 to 20 data sets at a lesion site, a symmetric normal region of the affected breast, and a normal region of contralateral breast in the same quadrant were acquired in about 5 to 8 minutes depending on the number of lesions. The normal sites are used to estimate background optical properties needed for imaging reconstruction. Initial clinical results with a group of 100 biopsied patients have shown that early stage invasive cancers present an average of two-fold greater total hemoglobin concentration than fibroadenomas and other benign lesions (18) (19) . Initial results of advanced cancers have shown that the angiogenesis distribution is highly distorted and heterogeneous (20) .
By adopting the reflection geometry for NIR measurements in conjunction with conventional pulse-echo ultrasound, we have the advantage of probing reduced breast tissue thickness because patients are scanned in the supine position. Lesions closer to the chest wall can therefore be imaged. However, the detected light from lesions located at different depths and varied sizes spans a wide dynamic range. It has been demonstrated in Ref. (21) that the measured phase differences obtained at a subsurface malignant cancer site and a normal tissue site were much larger at higher modulation frequencies. However, low modulation frequencies are desirable for probing large tumors or deep lesions. Note that the modulation frequency must be greater than 50 MHz to obtain valid phase information (2). Ideally, all modulation frequencies should be used to probe lesions for improved reconstruction accuracy. For reference, the temporal point spread function for a time-domain system is equivalent to the measured information content with the full spectrum of frequencies from DC to 1 GHz. The data acquisition time for obtaining measurements from multiple sources and detectors needed for tomographic imaging with this approach would be too long however and patient motion could be a major problem.
In this paper, we report our new prototype NIR frequency domain system, which incorporates three modulation frequencies of 350Mhz, 140Mhz, and 50Mhz for optimally probing lesions of different sizes located at depths from less than 1 cm to 4 cm. Phantom experiments have demonstrated the useful range of probing depth for each modulation frequency for a given target size. In clinical studies, one or two modulation frequencies can be selected on-site based on the lesion location and size provided by real-time ultrasound. Total data acquisition time is therefore significantly reduced. As for the wavelength selection, more wavelengths are desirable for measuring wavelength-dependent tumor absorption changes. The use of additional wavelengths comes at the expense of increased data acquisition times. In this prototype system, we use three typical wavelengths (690nm, 780 nm, and 830nm) to obtain total hemoglobin concentration and blood oxygenation saturation. A clinical example is given to demonstrate the utility of this ultrasound-guided approach. A significant modulation-frequency-dependent and wavelength-dependent tissue penetration of diffusive waves has been observed.
Methods

NIR System of Three RF Modulation Frequencies
Figure 1 presents pictures and block diagrams of the handheld hybrid probe and NIR system. The probe consists of a commercial ultrasound transducer located in the middle, and near-infrared source fibers and detector light guides distributed at the periphery. The NIR imager consists of source and detection subsystems shown in Figures 1(b) and (c), respectively. The source subsystem has three pigtailed laser diodes of wavelength 690 nm, 780 nm, and 830 nm (OZ Optics Inc) and three RF oscillators of 350MHz, 140MHz, and 50MHz. For each modulation frequency, the outputs of the laser diodes were sequentially delivered to nine locations on the probe through 3 × 1 and 1 × 9 optical switches (PiezoJena Inc). The detection subsystem consists of 10 parallel channels. The light guides couple the diffusively detected light from tissue to photo-multiplier tubes (PMTs). The outputs of the PMTs were amplified by low-noise preamplifiers and mixed with the corresponding oscillator offset 20 kHz higher to produce both sum and difference signals. The 20 kHz difference signals were further amplified by 50 dB and bandpass filtered before sampled by A/D converters. Two National Instrument (NI) data acquisition cards (eight channels on each card) were synchronized to acquire data from ten parallel detection channels. The 20kHz reference signal was produced by directly mixing the outputs of the corresponding transmit and receive corresponding oscillators at each modulation frequency. The sampled reference signal was used to retrieve phase information. To speed up data acquisition, one or two modulation frequencies can be selected on site for each breast lesion based on the depth and target size mea-sured by real-time ultrasound. The entire data acquisition of 9 × 10 source-detector positions for three wavelengths was less than 10 seconds, which was fast enough to acquire data from patients and avoid potential motion artifacts.
Computational Procedures
The details of our dual-mesh optical imaging reconstruction algorithm are described in Ref. (18) . Briefly, the entire tissue volume is segmented based on co-registered ultrasound measurements into a lesion region, L (region of interest, ROI), and a background region, B. A modified Born approximation is used to relate the scattered field U sd (r si ,r di ,ω) measured at the source (s) and detector (d) pair i to absorption variations Δμ a (rʹ) in each volume element of two regions within the sample. The matrix form of image reconstruction is given by
where W L and W B are weight matrices for lesion and background regions, respectively. are the total absorption distributions of lesion and background regions, respectively. The weight matrices are calculated based on the background absorption coefficient μ a and reduced scattering coefficient μʹ s measurements obtained from the normal contralateral breast. No regularization parameters were used in the dual-mesh image reconstruction. For a large target that occupies more than two layers in depth, the performance of the dual-mesh based inversion is degraded because of the increased number of fine-mesh grids. We have improved the reconstruction of large lesions by implementing the dual-mesh one layer at a time, combining the target layers, and averaging the background layers to obtain the final image. In all experiments, a finer grid of 0.5 × 0.5 × 0.5 (cm 3 ) was chosen for the lesion region and a coarse grid of 1.5 × 1.5 × 1.5 (cm 3 ) was used for the background tissue. The total imaging volume was chosen to be 9 × 9 × 4 cm 3 .
By assuming that the major chromophores are deoxygenated (deoxyHb) and oxygenated (oxyHb) hemoglobin in the wavelength range studied, we can directly estimate the total hemoglobin concentration totalHb(rʹ) = deoxyHb(rʹ) + oxyHb(rʹ) and oxygenation saturation as: In principle, any two wavelengths in the NIR window can be used to compute the total hemoglobin concentration from Equation [3] . However, positive weights of μ l1 a (rʹ) and μ l2 a (rʹ) in Equation [3] are critical to guarantee that the estimated total hemoglobin concentration at each voxel is positive. This is particularly important in the background region where the absorption coefficients are small and consequently the relative estimation errors of absorption coefficients are larger than those in the lesion region. We have found that the readily available wavelength pair of 780 nm and 830 nm [weight(l 1 ) = 0.20 and weight(l 2 ) = 0.27)] is robust for estimation of total hemoglobin concentration.
Similarly, any two wavelengths in the NIR window can be used to compute the oxygenation saturation from Equation [4] . However, the sensitivity of Y% to ratio is significantly different for different wavelength pairs. Figure 2 plots the Y% vs. the ratio for four wavelength pairs (660/830 nm, 690/830 nm, 730/830 nm, 780/830nm). For the wavelength pair 660/830 nm, the Y% lies in the physiological range for 0.3< <4.4. However, for the wavelength pair of (780 nm, 830 nm), the Y% is greater than 100% for <0.7 and reduces quickly to zero for ratio > 1.4. Any estimation error on μ l1 a (rʹ) and μ l2 a (rʹ) can cause the estimated Y% to fall outside the expected physiological range, particularly when the μ l1 a (rʹ) and μ l2 a (rʹ) are small in the background tissue regions. For example, the estimated absorption coefficients from normal breasts are within 0.01 to 0.06 cm -1 at 780 nm and 0.02 to 0.07 cm -1 at 830 nm. The computed blood oxygen saturation values using these background absorption coefficients may exceed 100%. Considering both factors, robust estimation of total hemoglobin concentration favors the wavelength pair of 780 nm and 830 nm whereas blood oxygenation saturation estimation is best for the wavelength pair of (660 nm, 830 nm).
However, data from many clinical cases have shown that NIR measurements at 660 nm are subject to higher background light scattering because the reduced scattering coefficient μʹ s = al -b increases with the decreased wavelength. In this prototype system, we have chosen the wavelength pair of (690 nm, 830 nm) for blood oxygen estimation. 690 nm is the longest wavelength in the visible range and laser diodes at this wavelength are available. As a result, three typical wavelengths of 690 nm, 780 nm, and 830 nm are implemented in our system for estimation of total hemoglobin concentration and blood oxygen saturation.
Phantom Experiments
Absorbers (see Fig. 3 ) of 1 cm and 3 cm diameter of low contrast (calibrated value at 780 nm μ a = 0.07 cm -1 , μʹ s = 5.50 cm -1 ) and high contrast (calibrated value at 780 nm μ a = 0.23 cm -1 , μʹ s = 5.45 cm -1 ) were imbedded in Intralipid™ solution of 0.07% concentration. The fitted background μ a and μʹ s were in the range of 0.02 to 0.031 cm -1 and 4.9 to 6.1 cm -1 in different sets of experiments. In each set of 1 cm absorber experiments, the absorber was centered at depths of
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Figure 3:
Photograph of 1 cm and 3 cm diameter high-contrast absorbers of μ a = 0.23 cm -1 (darker ones in front) and 1 cm and 3 cm low-contrast absorbers of μ a = 0.07 cm -1 (at back). 0.5, 1.0, 1.5, 2.0, 2.5, 3, and 3.5 cm. In each set of 3 cm absorber experiments, the absorber was centered at depths of 2, 2.5, 3, and 3.5 cm. For each target location, three sets of measurements obtained from three modulation frequencies were used to reconstruct target absorption maps. The average μ a value measured within full width and half maximum (FWHM) of each x-y target layer was used to quantitatively compare the reconstruction results.
To evaluate the possible effect of ROI or fine-mesh zone selection on accuracy of the reconstructed absorption coefficients, we reconstructed the target using ROIs twice the size of the real target in x-y dimensions (2×) and three times (3×) the size of the target in x-y dimensions. Results obtained from these two ROIs were compared. Because the target depth is critical for accurate reconstruction of the absorption coefficient (22) and it can be estimated well from co-registered ultrasound images, we have kept very tight constraints on target depth in imaging reconstruction.
Clinical Experiments
Clinical studies were performed at the Radiology Department of the University of Connecticut Health Center. The Health Center IRB committee approved the human subject protocol. A state-of-the art US machine, ATL Sono CT, was used for the study. Ultrasound images and optical measurements were acquired simultaneously at multiple locations including the lesion region, a normal region of the same breast, and a symmetric normal region of the contralateral breast. The optical data acquired at normal regions were used as reference to calculate the scattered field caused by lesions. Figure 4 shows the co-registered ultrasound images (first column) and reconstructed optical absorption maps of the 3-cmdiameter high-contrast absorber obtained at 50Mhz (second column), 140Mhz (third column), and 350Mhz (fourth column) modulation frequencies. The reconstructed absorption maps shown in Figure 4 were obtained at 780 nm with the ROI in x-y dimensions equal to twice the size of the real target. The same target was translated in 0.5 cm depth steps to target centers at 2, 2.5, 3, and 3.5cm. In each image, there are 9 x-y images of 9 cm by 9 cm obtained from 0.5 cm (slice #1) to 4.5 cm (slice #9) in depth with 0.5 cm step. The slices are numbered from left to right and top to bottom. Ideally, the target should uniformly occupy six layers in z direction. However, the last two target layers close to the bottom were visible only in images obtained at 50Mhz when the target Table I Reconstructed average target μ a obtained at 50, 140, and 350 MHz for the 3 cm high-contrast absorber. The first column lists the target center depth. For each frequency, the reconstructed average μ a obtained at each layer is presented for ROI two (2 ) and three (3 ) times larger than the real target size in x-y. The percentage ratio of the calculated to the calibrated value μ a = 0.23cm -1 is given in parenthesis. (11) 0.069 (30) center was located at 2.0, 2.5, and 3.0 cm, respectively. In images obtained at 140Mhz, the top four target layers were seen whereas in images obtained at 350Mhz only the top three target layers were seen. This is due to the significant light absorption of the top target layers that limits the number of photons penetrating into the deep layers and ultimately detected at the surface. This light shadowing phenomenon is very similar to the well-known ultrasound shadow effect of a large lesion, where bottom layers of the lesion or normal tissues underneath the lesion appear black in the image (little sound reflection) due to significant sound absorption of top layers. The shadowing effect is more pronounced at high RF light modulation frequencies.
Results
Phantom Experiments of 3 cm High and Low Contrast Absorbers
Table I provides the reconstructed average target μ a measured within FWHM of each target layer and obtained at three modulation frequencies. The first column lists the target center depth and the second through fourth columns present the reconstructed average μ a obtained at the corresponding layer for 50, 140, and 350 MHz, respectively. Results are listed for ROIs of two (2×) and three (3×) the real target size in xy dimensions. The percentage ratio of the calculated to the calibrated value of μ a = 0.23cm -1 is given in parenthesis. The average μ a calculated from the first five target layers is also given at the bottom of each row. The highest reconstructed values, (68%, 50Mhz) and (63%, 140Mhz), are obtained at the third target layer when the target center is located at 2 cm depth. The average values over the first five target layers are 59% (50Mhz) and 47% (140Mhz), respectively. If the data are averaged over the first four layers, the reconstruction accuracy at 140Mhz improves to 53%. For 350Mhz, the highest value, 83%, is obtained at the second target layer and the average value is 48%. If the data are averaged over the first three layers, the reconstruction accuracy improves to 67%. The reconstructed average values drop quickly when the target center is translated deeper. In our clinical study, the breast is scanned with the combined probe compressed against the chest wall. The lesions are often located within a 3 to 4 cm depth. Clinical imaging conditions, therefore, most closely resemble targets at the 2 cm or 2.5 cm depths.
This controlled study clearly shows that large absorbing tumors are under-reconstructed and advanced system and non-linear algorithmic developments are needed to improve the reconstruction accuracy of target optical properties. CW systems offer the best penetration but will not provide phase information that enhances sensitivity for imaging smaller lesions.
One important issue is the selection of ROI or fine-mesh zone used in image reconstruction. As we can see from Table I, the ROI has negligible effect as the maximum change observed from two different ROIs (2× and 3×) is only 3% for targets located at different depths and probed with different modulation frequencies. Figure 5 shows the reconstructed optical absorption maps of the 3-cm-diameter low-contrast absorber obtained at 50Mhz (first column), 140Mhz (second column), and 350Mhz (third column) modulation frequencies, respectively. Since co-registered ultrasound images of the low-contrast absorber are essentially the same as the images of high-contrast absorber shown in Figure 4 , these images are not shown in Figure  5 . Table II provides the reconstructed average target μ a obtained at three modulation frequencies. The percentage ratio of the calculated value to the calibrated value of μ a = 0.07 cm -1 is given in parenthesis. It is clear that the accuracy of reconstructed target absorption maps has been improved in all modulation frequencies. At 50Mhz, the average reconstructed value over the first five-layers is 136%, 124%, 105%, and 87% for targets located at 2 cm, 2.5 cm, 3 cm, and 3.5 cm, respectively. At 140Mhz, the average reconstructed value over the first five-layers is 101%, 90%, 81%, and 69%, for the corresponding target locations. If the data are averaged over the first four layers, the reconstruction accuracy improves to 113%, 102%, 90%, and 76%, respectively. At 350Mhz, the target mass only appears at top two to three layers. The average reconstructed value over the first five-layers is 86%, 64%, 60%, and 29%, at the corresponding target locations. The average reconstructed value considering the first three-layers is 104%, 86%, 90%, and 41% for the respective depths.
As mentioned before, we have used the hybrid probe compressed against the chest wall in our clinical studies and the lesions are often located in less than 3 to 4 cm depth.
The accuracy of reconstructed absorption maps of the lowcontrast absorber is quite high at these depths, especially at 140Mhz. This suggests that our system has the capability to characterize benign lesions accurately. At a higher modulation frequency (e.g., 350Mhz), our system detection sensitivity is reduced and the penetration of diffusive waves is also reduced. These combined effects limit the usefulness of high modulation frequencies for probing large lesions (see Discussion and Summary).
As for the selection of the ROI or fine-mesh zone, the maximum change of μ a is 0.011 cm -1 , which is obtained when the target is located at 2 cm and probed with 50Mhz modulation frequency (target layer #1, data not shown). This maximum change in μ a will not cause any benign lesions (typical μ a < 0.15 cm -1 ) to be misdiagnosed as malignant lesions (typical μ a > 0.15 cm -1 ). Therefore, the ROI selection is not critical for reconstruction of large absorbers. column), 140Mhz (third column), and 350Mhz (fourth column) modulation frequencies, respectively. The target was translated in depth in 0.5 cm steps to centers at 1, 1.5, 2, 2.5, 3, and 3.5 cm, respectively. Table III provides the reconstructed average absorption coefficients obtained at each layer with the percentage ratio of the calculated to the calibrated μ a = 0.23 cm -1 given in parenthesis. The ROI used were twice the target size (2×) and three times the target size (3×). The reconstructed μ a has been significantly improved across all target depth and modulation frequencies compared to the corresponding results for the corresponding 3 cm absorber. For 50Mhz probing frequency, the average reconstructed values are 60%, 67%, 72%, 64%, 70%, and 53% for 1 cm to 3.5 cm depths, respectively, when the ROI is twice the target size. For 140Mhz, the target is reconstructed as 61%, 71%, 75%, 76%, 77%, and 30% for 1 cm to 3.5 cm depths, respectively, with the same ROI. The highest reconstruction accuracy is achieved at 350Mhz and the reconstructed values are 74%, 79%, 81% and 54%, for 1 cm to 2.5 cm target depths. No solid target mass was observed in images beyond 2.5 cm depth. The better reconstruction accuracy for 350 MHz for shallow targets suggests that a higher RF modulation frequency could be useful to probe breast lesions near the surface of the skin.
Phantom Experiments of 1 cm High and Low Contrast Absorbers
The selection of the ROI for imaging small absorbers has a significant effect on accuracy of reconstructed target absorption coefficients. Table III indicates that the average reconstructed value for a 3× ROI was approximately 21% lower than if an ROI of twice the target size was used. Fortunately, with the ultrasound guidance, we have the knowledge about the approximate target size and can select appropriate ROI for dual-mesh based optical imaging reconstruction.
Table II
Reconstructed average target μ a obtained at 50, 140, and 350 MHz for the 3 cm low-contrast absorber. The first column lists the target center. The first column lists the target center depth. For each frequency, the reconstructed average μ a obtained at each layer is presented for ROI two (2 ) and three (3 ) times larger than the real target size in x-y. The percentage ratio of the calculated to the calibrated value μ a = 0.07cm -1 is given in parenthesis. Figure 7 shows the reconstructed optical absorption maps of the 1 cm low-contrast absorber obtained at 50Mhz (first column), 140Mhz (second column), and 350Mhz (third column) modulation frequencies. The target was translated in depth in 0.5 cm steps and the target center was located at 1, 1.5, 2, 2.5, 3, and 3.5 cm, respectively. Because coregistered ultrasound images of the low-contrast absorber are essentially the same as the images of high-contrast absorber shown in column one of Figure 6 , these images are not shown in Figure 7 . Table IV provides the reconstructed average absorption coefficients obtained at the target layer with the percentage ratio of the calculated to the calibrated μ a =0.07 cm -1 given in parenthesis. The low contrast small absorber was over-reconstructed by 0.019 cm -1 on average (27%) across the depth at 50Mhz, and by 0.021 cm -1 on average (30%) at 140Mhz. As discussed previously, these small changes will not cause errors in classification of benign and malignant tumors. At 350Mhz, the over-reconstruction is 0.059 cm -1 P(84%) on average. The main reason is the higher noise level of our system at 350Mhz modulation frequency, which is more pronounced when the perturbation is smaller (see Discussion and Summary).
Optimal Probing of Optical Contrast of Breast Lesions
A Clinical Example
An example was obtained from a 53-year-old woman who had a 3 cm × 3 cm × 3 cm invasive ductal carcinoma of high grade (III) located at the 6 o'clock position in her right breast. The patient was scheduled for chemotherapy treatment and we scanned her before the treatment. Two light modulation frequencies of 50Mhz and 140Mhz were used in the scan. Figure 8(a) shows the ultrasound image of the cancer, which is located between 0.5 cm and 3.5 cm in depth direction. Because the cancer has irregular margins in x-y dimensions, the ROI is chosen as the size of the hand-held probe (9 cm × 9 cm). Figure 8(b1, b2), (c1, c2) , and (d1, d2) are corresponding reconstructed absorption maps obtained from 50Mhz and 140Mhz at 690 nm, 780 nm, and 830 nm, respectively. Similar to the 3 cm high-contrast absorber experiment, the absorption is high at the first three target layers in the 140Mhz images. At the fourth target layer, the absorption mass is barely visible in 690 nm and 830 nm images at 140Mhz. When the 50Mhz was used to probe the lesion, the absorption mass in the fourth target layer is readily seen. Also the light penetration at 830 nm is significantly improved at the 50Mhz frequency. The total hemoglobin maps and the blood oxygen saturation maps at 50Mhz and 140Mhz are computed and the images are shown in Figure 8(e1, e2) and (f1, f2), respectively. Table V lists the average absorption coefficients measured within FWHM of each target layer at three wavelengths and two modulation frequencies, as well as computed total hemoglobin concentrations of both maximum and average values. The significant improvement in computed hemoglobin concentration occurs in the fourth layer and about 20 (μ/liter) difference is observed. Furthermore, the estimated oxygen saturation distribution has dramatically improved because of the increased light penetration at 830 nm. As one can see, the oxygen saturation patterns are similar at both modulation frequencies in slice #4 and #5, and the improvements occur at slice #6 and #7.
It is interesting to note that the absorption maps as well as the total hemoglobin concentration map reveal heterogeneous tumor vasculature patterns with more microvessels distributed at the tumor periphery. We have seen this type of angiogenesis distributions in many larger carcinomas (20). In the literature, the periphery enhancement or rim enhancement Figure 6 : First column: Ultrasound images of the 1 cm diameter highcontrast absorber located at depth of 1, 1.5, 2, 2.5, 3, and 3.5 cm (center location) inside Intralipid™, respectively. Second column: Reconstructed optical absorption maps at the corresponding target location. The light modulation frequency is 50Mhz. Third column: Reconstructed absorption maps obtained at 140MHz. Fourth column: Reconstructed absorption maps obtained at 350Mhz.
Table III
Reconstructed average target μ a of the 1 cm high-contrast absorber obtained at 50, 140, and 350 MHz. The first column lists the target center depth. For each frequency, the reconstructed average μ a obtained at each layer is presented for ROI two (2 ) and three (3 ) times larger than the real target size in x-y. The percentage ratio of the calculated to the calibrated value μ a = 0.23cm -1 is given in parenthesis. of breast lesions in contrast enhanced MR images has been reported (26). Authors have concluded that the rim enhancement is due to a combination of angiogenesis, distribution and degree of fibrosis, expression pattern of growth factors, and various histologic features.
Discussion and Summary
A few studies in the literature have reported the use of multiple modulation frequencies.
In an earlier study, Jiang et al. reported Our objective is to select one or two modulation frequencies for optimal probing of breast lesions of various sizes located at different depths, not to combine multiple frequency data to improve imaging. Our limited clinical cases studied so far suggest that measurements obtained from the same tissue volume may be significantly different for different modulation frequencies, especially phase profiles. We may acquire data using one or two modulation frequencies based on lesion size and depth provided by real-time ultrasound. However, we choose one modulation frequency that yields more homogeneous measurements at the normal contralateral breast for accurate estimation of bulk tissue optical properties and for accurate measurement of lesion perturbation.
Although the higher modulation frequencies can provide improved reconstruction accuracy, their range is limited by the reduced signals detected at greater penetration depths. Many components affect the system performance at higher RF frequencies.
In our system, the minimal bandwidth of preamplifiers, mixers, and RF switches is 500Mhz. The component that limits the frequency response is the PMT (R928) that has 3dB bandwidth of 160Mhz. As a result, the average signal decreases by approximately 60-70% from 140Mhz to 350Mhz in 0.6%-0.7% Intralipid solution at a fixed PMT high voltage gain. In addition, diffusive waves modulated at higher RF frequencies penetrate less deep due to the exponential damping. Simulations have shown that 350Mhz is a good compromise between deep-tissue penetration and higher sensitivity in the shallower regions. In experimental studies, both factors affect the sensitivity of the system at the higher end of the RF modulation (e.g., 350Mhz). In our system, higher coherent interference noise at 350MHz further limited the sensitivity and contrast relative to the lower frequencies.
During the review of this manuscript, we have reduced the maximum modulation frequency to 250MHz and achieved comparable noise performance across all frequencies.
In our phantom studies, the absorbers were immersed in In-tralipid™ solution of 0.07% concentration. The fitted background absorption and reduced scattering coefficients were in Figure 7 : First column: Reconstructed optical absorption maps of the 1 cm diameter low-contrast absorber located at depth of 1, 1.5, 2, 2.5, 3, and 3.5 cm (center location) inside Intralipid™, respectively. The light modulation frequency is 50Mhz. Second column: Reconstructed optical absorption maps obtained at 140MHz. Third column: Reconstructed absorption maps obtained at 350Mhz.
Table IV
Reconstructed average target μ a of the 1 cm low-contrast absorber obtained at 50, 140, and 350 MHz. The first column lists the target center depth. For each frequency, the reconstructed average μ a obtained at each layer is presented for ROI two (2 ) and three (3 ) times larger than the real target size in x-y. The percentage ratio of the calculated to the calibrated value μ a = 0.07cm -1 is given in parenthesis. the range of 0.02 to 0.031 cm -1 and 4.9 to 6.1 cm -1 in different sets of experiments. The fitted bulk absorption and reduced scattering coefficients from normal breasts are within the range of 0.01 to 0.07 cm -1 and 2 to 13 cm -1 (unpublished data). With higher background tissue absorption and scattering, the penetration depth of diffusive waves will be further reduced.
The system performance under a range of background absorption and scattering coefficients is currently under evaluation.
In summary, we have constructed a new frequency domain optical tomography system utilizing three RF modulation frequencies, which are optimized for probing breast lesions of different size located at different depths. With the real-time co-registered ultrasound guidance on lesion size and location, an optimal light modulation frequency can be selected which may yield more accurate estimates of lesion angiogenesis and hypoxia. Phantom experiments of large and small absorbers of both high and low optical contrasts have demonstrated that a high modulation frequency, such as 350Mhz, is preferable for probing small lesions closer to the surface while a low modulation frequency, such as 50Mhz, is desirable for imaging deeper and larger lesions. A clinical example of a large invasive carcinoma is presented and significant modulation-frequency-dependent and wavelength-dependent tissue penetration of diffusive-waves has been observed. To evaluate the possible effect of ROI or fine-mesh zone selection on accuracy of the reconstructed absorption coefficients, we reconstructed the target using ROIs twice the size of the real target in x-y dimensions and three times the size of the target in x-y dimensions. The results have shown that the ROI has negligible effect on reconstructed optical properties of larger 3 cm absorbers. For smaller 1 cm absorbers, the ROI has to be twice the size of the absorber to ensure accurate reconstruction of target optical properties.
